Aims/hypothesis The aim of this study was to examine the association between age at menarche and prediabetes as well as diabetes, considering confounding factors and the possible mediating role of adult obesity.
Introduction
Diabetes poses a significant health and economic burden for Westernised societies, which places high importance on the identification of preventive strategies and measures [1] . By the time type 2 diabetes mellitus is diagnosed, serious complications may have already developed [1] . For this reason it is important to identify persons at risk as early as possible to initiate preventive measures or treatment. Investigators of the KORA (Cooperative Health Research in the Region of Augsburg, F4 survey in Augsburg, Germany) study demonstrated that up to 50% of diabetes cases were undetected in the age group 55-74 years [2] , and that there was already a high prevalence of impaired glucose regulation (isolated impaired fasting glucose [i-IFG], isolated impaired glucose tolerance [i-IGT] and combined IFG-IGT) in 35-59-yearold individuals [3] .
Age at menarche was shown to be associated with higher BMI [4] [5] [6] [7] , cardiovascular disease [8] [9] [10] , metabolic risk factors [4] , the metabolic syndrome [11] [12] [13] and mortality [9, 11, 12] . Only a few studies have focused on the complex relationship between age at menarche and diabetes mellitus, with different results [5] [6] [7] 14] . In some studies the association between menarche and diabetes was discussed to be only caused by obesity [4] , therefore the authors found it necessary to assess this topic again. The timing of menarche is mainly due to genetic factors, but is influenced by environmental factors [15] . The only study that examined association of age at menarche with IGT and type 2 diabetes did not find a significant association [7] . IGT is a known risk factor for type 2 diabetes and coronary heart disease [16] . Obesity, which is a major predictor of IGT and type 2 diabetes, is known to be associated with earlier age at menarche [17] [18] [19] . Whether or not there is an independent association of age at menarche with diabetes, or if there is only the link over obesity, needs to be assessed.
Therefore, the aim of this study was to determine whether there is an independent association between age at menarche and prediabetes (combination of i-IFG, i-IGT and IFG-IGT) as well as diabetes (newly diagnosed and known diabetes combined), or if this association is mediated only by BMI. Data from the population-based KORA F4 Study were used.
Methods

Subjects
The KORA F4 (2006-2008) Study comprises 7-year follow-up data of the KORA S4 (1999-2001) Study, a population-based health survey conducted in the city of Augsburg and two surrounding counties. For the S4 baseline study, a total sample of 6,640 participants was drawn from the target population consisting of all German residents in the region aged 25-74 years. The study design, sampling method and data collection have been described in detail elsewhere [20, 21] .
Of all 4,261 S4 participants, 3,080 also participated in the F4 follow-up study. Individuals were not invited for F4 if they had died in the meantime (n0176, 4%), lived outside the study region or were lost to follow-up (n0206, 5%), or had demanded deletion of their address data (n012, 0.2%). Of the remaining 3,867 eligible persons, 174 could not be contacted, 218 were unable to participate in the study because they were too ill or had no time, and 395 were not willing to participate in this follow-up, resulting in a response rate of 79.6%. The current study was restricted to 1,594 female individuals, aged 32-81 years at follow-up.
All women for whom no, or incomplete, information was available on age at menarche (n033), or any of the covariables (n09), were excluded. Participants were classified as 'unknown glucose status' and excluded from the analysis if they had supplied inconsistent information about being diabetic or if their OGTT could not be completed correctly, because of nausea, no previous fasting period, etc. (n047). Furthermore, we excluded two women with age at menarche above 18, as described below. Therefore, the final analysis comprised 1,503 study participants.
The investigations were carried out in accordance with the Declaration of Helsinki, including written informed consent of all study participants. The study was approved by the Ethics Committee of the Bavarian Medical Association.
Data collection Trained medical staff obtained information on sociodemographic variables, physical activity level, medication use, alcohol consumption, smoking habits and reproductive history during a standardised face-to-face interview. Furthermore, all study participants underwent a standardised medical examination. All measurement procedures have been described in detail elsewhere [2, 20, 21] . Anthropometric measurements were taken after the participants had removed their shoes, heavy clothing and belts. Body height was measured to the nearest 0.1 cm and weight to the nearest 0.1 kg. BMI was calculated as weight (in kilograms) divided by height² (in square metres). Waist circumference (WC) was measured at the level midway between the lower rib margin and the iliac crest. BMI at age 25 years was assessed by recalled weight at age 25, calculated as weight (in kilograms) divided by current height² (in square metres). Actual hypertension was defined as blood pressure values greater than 140/90 mmHg or the use of antihypertensive medication. Participants were classified as active during leisure time if they regularly participated in sports in the summer and winter and if they were active for >1 h/week in either season. Women who consumed more than 20 g alcohol per day were regarded as heavy alcohol drinkers.
Clinical chemical measurements A fasting venous blood sample was obtained from all study participants while sitting. HbA 1c was measured using a reverse-phase cation-exchange HPLC method (analyzer HA 8160; Menarini, Florence, Italy). Serum glucose was analysed using a hexokinase method (GLU Flex), total cholesterol with a CHOD-PAP method (CHOL Flex), HDL cholesterol (HDL-C) with AHDL Flex and fasting triacylglycerol (TG) with the TGL Flex GPO-PAP assay (all assays from Dade Behring, Eschborn, Germany). These analyses and all additional were carried out using the analyzer Dimension RxL (Dade Behring).
Assessment of age at menarche The age at first menstrual bleeding assessed in full years was defined as age at menarche. This information was gained from the personal interview of the KORA S4 survey.
The question was open-ended: 'At what age did you have your first menstrual period (menarche)?' We excluded participants with menarche later than 18 years (n02), because this is likely to be due to a pathological status or a recall error. For descriptive analysis, age at menarche was categorised into three categories (<12, 12-15 and >15 years) or used as continuous variable.
Assessment of glucose impairment and diabetes mellitus Known diabetes mellitus was defined as use of glucose-lowering medication or self-report, which was validated by questioning the treating physician. After an overnight fast of at least 10 h, all non-diabetic participants underwent a standard 75 g OGTT. Blood was collected without stasis, refrigerated to 4-8°C and shipped on refrigerant packaging within 4 to a maximum of 6 h to the laboratory. Newly diagnosed diabetes (NDD), IFG, IGT and normal glucose tolerance (NGT) were defined according to the 1999 WHO diagnostic criteria based on both fasting and post-challenge glucose values [22] . We used the original IFG criteria (6.1-6.9 mmol/l) for the present analysis, as recommended by the European Diabetes Epidemiology Group [23] .
Statistical analyses Basic characteristics of the study population were analysed stratified by the glucose status groups and stratified by age at menarche (<12, 12-15 and >15 years). For normally distributed variables the mean and standard deviation are presented, for non-normally distributed variables the median and the interquartile range are presented, and for categorical variables percentages are presented. p values are shown for the difference of these variables between the three categories of age at menarche.
Fasting TG, HDL-C, fasting glucose (FG) and glucose 2 h post challenge during the OGTT (2-h glucose) were not normally distributed. Thus, the log-transformed normally distributed variables were used in all analyses. The results are presented as geometric means after back-transformation.
Three outcome variables were fitted: the three prediabetic states (i-IFG, i-IGT and IFG-IGT) were combined to one group called 'prediabetes' and the previously known and newly diagnosed diabetes groups to one group called 'diabetes'. As a further outcome variable prediabetes and diabetes were combined. Adjusted RR of diabetes (or prediabetes) onset were estimated by a generalised estimation equation approach including the natural logarithm of person-years of observation as offset term in the model. Years of observation were calculated from birth to the examination (age at examination) or to the year of onset of diabetes (age of onset of diabetes). The error term distribution was specified as Poisson with the usual natural log-link for a Poisson regression model [24] . We excluded diabetic women in the model for prediabetes. Prediabetic women in the model for diabetes were treated equally to women in the NGT group. Four models were fitted for each of the three outcomes. In the first model we controlled for year of birth. The second model controlled for the following confounding variables: year of birth, current smoking (yes/no), alcohol intake >20 g/day (yes/no), physical activity regularly more than 1 h per week (yes/no), education ≤10 years (yes/no), family status (married or living with a partner/living alone) and menopausal status (pre-/postmenopausal). The third model additionally controlled for current BMI (in kilograms per square metre). In a fourth model, current BMI was replaced with BMI at age 25 years (in kilograms per square metre).
A generalised linear model was used to examine the association between age at menarche and FG and 2-h glucose after performance of an OGTT. Stepwise confounder control was performed with the same confounders in the four models as described for the Poisson regression analyses.
Significance tests were two-tailed and p values <0.05 were considered statistically significant. All analyses were performed using SAS (version 9.2, SAS Institute, Cary, NC, USA).
Results
Of the 1,503 women included in this analysis, 366 women had prediabetes (n0226) or diabetes (n0140) and were therefore classified into one of the five impaired glucose regulation and diabetes categories as described above (24.4%). Age at menarche showed a normal distribution with a mean of 13.5 years (median 13 years), and a standard deviation of 1.6 years; the earliest reported age at menarche was 9 years.
Demographic and behavioural characteristics and risk factors stratified by glucose categories are shown in Table 1 . Women with prediabetes or diabetes were significantly older than non-diabetic women and were significantly more often postmenopausal. Diabetic women were more likely to have actual hypertension and less likely to be physically active. They also had a higher current BMI, a higher BMI at age 25 years and were less likely to be a current smoker. Women with diabetes had a higher percentage of being a widow, having had less education and were more likely to be multiparae. Table 2 shows the basic characteristics by age at menarche categorised into three groups. There was a significant association between age at menarche and age, BMI at age 25, menopausal status and physical activity.
The RRs for the associations between age at menarche (continuous) and prediabetes (combined i-IFG, i-IGT, and IFG-IGT), diabetes (newly and previously diagnosed diabetes combined) and combined prediabetes or diabetes are given in Table 3 . Age at menarche was inversely associated with prediabetes and diabetes, after adjustment for year of birth. This result was still significant for both outcomes after additional adjustment for education, smoking status, alcohol intake, physical activity, marital status, year of prediabetes/ diabetes diagnosis and menopause status. Further adjustment for current BMI attenuated the association between age at menarche and both outcomes slightly, but the relationship remained clearly significant. After adjustment for BMI at age 25 instead of current BMI using the same calculations as in Table 3 , the association between age at menarche and prediabetes and diabetes were quiet similar (RR 0.89; 95% CI 0.83, 0.95 for prediabetes or diabetes combined, RR 0.84; 95% CI 0.73, 0.95 for diabetes and RR 0.91, 95% CI 0.84, 0.98 for prediabetes per additional year of menarche).
Fasting glucose levels were −0.008 mmol/l (95% CI −0.012, −0.003) per additional year of age at menarche, adjusted for year of birth. After multivariable adjustment, FG levels were −0.007 (95% CI −0.011, −0.002) per additional year of age at menarche. After further adjustment of current BMI, the fasting blood glucose levels were −0.004 (95% CI −0.008, 0.001) per additional year of age at menarche. The corresponding ß-estimates and 95% CI for the association between age at menarche and 
Discussion
This study showed that earlier age at menarche is significantly associated with prediabetes and diabetes, even after adjustment for relevant confounders and current BMI. Therefore, our study provides further evidence that low age at menarche is an independent risk factor for diabetes and does not only impact type 2 diabetes risk through its effects on BMI. Age at menarche is an indicator of maturation and timing of puberty in girls. Age at menarche has been fallen from 17 years on average since the nineteenth century, to 13 years on average in many European countries, a level at which it has stayed relatively stable since the 1960s [25] . This effect may be due to changes in the socioeconomic and demographic environment, possibly acting through changes in nutrition and exercise patterns [26] . There is evidence that younger age at menarche might lead to certain chronic diseases [8] [9] [10] 12] . Whether this secular trend in puberty timing is really associated with adverse health implications still needs to be assessed [27] .
Knowing that forms of prediabetes, like IFG and IGT, carry an increased risk of type 2 diabetes [20] , this study not only investigated associations for age at menarche with diabetes, but also examined prediabetes to improve knowledge about populations at risk. The Rancho Bernardo Study, to our knowledge the only study besides this work to examine abnormal glucose tolerance by administration of an OGTT, found no association between age at menarche and abnormal glucose tolerance and type 2 diabetes in 997 women aged 50-92 years [7] . Although this might represent the absence of such an association, it might also simply be the result of insufficient power or due to the fact that only postmenopausal women were examined. The authors found that late age at menarche was inversely associated with fasting and post-challenge glycaemia. Our results confirm these findings.
The few other studies on the association between age at menarche and previously diagnosed type 2 diabetes [5] [6] [7] 14] show inconclusive results. Our findings are comparable with those of the Nurses' Health Study I (101,415 women, age range 34-59 years) and II (100,547 women, age range 26-46 years) [6] , and the prospective EPIC-Norfolk cohort study (13, 308 women, age range 40-75 years) [5] , which showed that age at menarche is inversely associated with diabetes. The EPIC-Norfolk study suggested that age at menarche and its association with diabetes is completely mediated by adult obesity [5] . The Nurses' Health Study showed an increased risk of type 2 diabetes in women with early menarche, with a stronger effect in younger than older women, and this effect seems to be mediated through excessive adult adiposity. The association among younger and middle-aged women (Nurses' Health Study II) could not be fully explained by increased adult BMI, suggesting a risk pathway between age at menarche and type 2 diabetes beyond excessive adiposity [6] . Our study provides support for this finding, as the RR for diabetes only marginally changed after adjustment for various confounders, including current BMI or BMI at age 25 years. Two smaller studies found no association between age at menarche and type 2 diabetes, even without adjustment for BMI: the prospective Menstruation and Reproductive History Study of 668 women with an age range of 63-81 [14] , and the cross-sectional Rancho Bernardo Study in 997 women aged 50-92 [7] . Childhood anthropometric measurements and obesity play an important role in understanding adult obesity and type 2 diabetes as well as the onset of puberty. Prior studies have reported that the inverse association of age at menarche with BMI and obesity in middle age is not explained by early childhood BMI confounding [18, 19] . There is evidence that childhood socioeconomic status (SES) is associated with type 2 diabetes and obesity in later adulthood [28] , and other results suggest that lower SES at 7 years and reductions in SES in early childhood are both associated with an earlier age at menarche [29] . In this study we could not adjust for SES or obesity in childhood, a question that future studies should address.
Genetic factors also play an important role in the variation in the timing of puberty [15] . It is estimated that approximately half the phenotypic variation among girls from high-income countries in the timing of puberty is due to genetic factors [30, 31] . An association has been found between decreased birthweight and diabetes type 2 risk alleles [32] . Another study showed an association between higher birthweight with later onset of age at menarche [33] . Diabetes is caused by multigenetic factors and environmental factors as well, so we suggest there might be a link. In addition, early menarche seems to be a measure for hormonal imbalance [34] , which has been shown to be associated with diabetes [35] . Therefore, different pathways beyond mediating BMI might be possible. Our study supports that the association of age at menarche with diabetes is not merely mediated by BMI. Menarche can be delayed by early metformin therapy in low-birthweight girls with precocious pubarche [30] , but whether this reduces the risk of chronic diseases in later life needs to be explored.
Strengths and limitations
One strength of the current study is its representativeness, as results are based on a large sample, drawn from the general population. Moreover, the accurate measurement of prediabetes and diabetes by OGTT or previously known diabetes confirmed by physicians is an advantage compared with other studies that rely on self-report. Another strong point is the availability of data on lifestyle factors measured according to a standardised protocol. Compared with other studies, weight and height data are based on measurements rather than self-reported data, which reduces biases as participants tend to under-report weight and overreport height [31] . Furthermore, this study is based on a wider age range (between 32 and 81 years) than other studies, which only show results for postmenopausal female participants or for participants in young adulthood.
Several limitations need to be stated. The variable age at menarche has been assessed retrospectively, therefore misclassification may have occurred. Nevertheless, it has been shown that the actual reported mean age at menarche is not that different from the mean age at menarche recalled 33 years later [36, 37] . In addition, misclassification of age at menarche is not likely to be associated with diabetes. Misclassification of confounding variables might weaken the observed associations by regression dilution as some of the covariables were measured by self-report, such as alcohol consumption, smoking habits and physical activity. Because of the observational nature of our publication we cannot, as in all observational studies, rule out the possibility of residual confounding due to unmeasured or poorly measured confounders. No information was available on history of gestational diabetes. Lack of power is another restriction. A further limitation of this study is its cross-sectional design, implicating that cause and effect relationships cannot be discerned.
Conclusion and implication
The present study showed that an earlier age at menarche plays a role in the development of prediabetes and diabetes independently of BMI. Thus a history of early menarche may help to identify women at risk for diabetes. Early detection of women at risk may help to prevent diabetes and its subsequent morbidity. Further research should focus on underlying genetic links with age at menarche and diabetes, and longitudinal studies are essential to assess the risk of diabetes due to childhood factors, reproductive variables and risk of diabetes.
